Abstract: A snapshot multi-spectral imaging technique is described which employs multiple cascaded birefringent interferometers to simultaneously spectrally filter and demultiplex multiple spectral images onto a single detector array. Spectral images are recorded directly without the need for inversion and without rejection of light and so the technique offers the potential for high signal-to-noise ratio. An example of an eight-band multispectral movie sequence is presented; we believe this is the first such demonstration of a technique able to record multi-spectral movie sequences without the need for computer reconstruction.
Introduction
Perhaps the most fundamental issue in the recording of spectral images is to devise and implement an efficient method for recording a three-dimensional spectral data cube using a two-dimensional detector array. The capture of a spectral data cube in a single snapshot is a particularly important challenge since it opens up the possibility of spectrally imaging timevarying phenomena. Traditional spectral imaging techniques involve time-sequential scanning of either a spatial or a spectral dimension combined with snapshot imaging of the other two dimensions [1] , so that a spectral data cube is assembled over a period of time. These modus operandi are exemplified by a push-broom scan of a one-dimensional spectral imager across the required field of view [2] , and the use of tunable spectral filtering [3] or imaging Fourier-transform spectrometry [4] . The application of these traditional timesequential techniques is restricted to those situations where an extended recording time is acceptable, for example in microscopy [5] , remote sensing [6, 7] , and some examples of biomedical imaging [8] . In addition there is a significant signal-to-noise ratio penalty incurred by the reduced average optical throughput associated with spectral and spatial multiplexing [1] . Although the Fellget and Jacquinot advantages of Fourier-transform spectrometry offer high optical throughput, the noise degradation introduced during data inversion restricts the Fellget advantage to low-light imaging and the Jacquinot advantage is generally restricted to single-pixel, that is non-imaging, instruments [1] .
There are many potential applications of spectral imaging for which snapshot or timeresolved operation and high optical sensitivity are essential; for example, for monitoring combustion dynamics [9, 10] ; in vivo biomedical imaging where motion cannot be avoided, such as retinal imaging [11] ; endoscopy [12] ; and for surveillance [13] . Unfortunately snapshot spectral imaging techniques are notable by their scarcity, although clearly the conventional color camera is an example of low-resolution spectral imaging. Snapshot techniques that enable high spectral resolution include bulk-optic [14] or fiber-optic [15] reformatting of a two-dimensional image into a one-dimensional array, which forms the input of a conventional one-dimensional imaging spectrometer; the computed tomographic imaging spectrometer (CTIS), in which a diffractive optical element spectrally disperses the image at the detector and computer algorithms invert this data to recover a spectral data cube [16, 17] ; and the use of image-plane spatio-spectral coding, which also requires inversion to enable image recovery [18] . We report here a new technique: the image-replicating imaging spectrometer (IRIS), which enables spectral demultiplexing of an image in a snapshot onto a single conventional detector array. Spectral filtering is achieved using cascaded two-beam polarizing interferometry within birefringent media, so optical efficiency is in principle 100% for a polarized input, whilst spatial-spectral demultiplexing using Wollaston-prism polarizing beam splitters allows for a very compact device. A spectral image is recorded directly without computation and without the noise amplification that can accompany inversion.
In the next section we describe the fundamental principles of IRIS, in section 3 we describe initial results, IRIS is compared to traditional spectral imaging techniques in section 4 and we conclude in section 5. 
Principle of operation
The image-replicating imaging spectrometer (IRIS) employs a birefringent spectral demultiplexor (BSD) located in the pupil of a conventional imager. We will describe first the BSD and then explain its use within IRIS.
Light transmitted through the BSD is passed in sequence through a cascade of birefringent two-beam interferometers. The simplest example of a two-interferometer BSD is depicted in Fig. 1 : the input birefringent interferometer consists of a wave plate sandwiched between an input polarizer and a Wollaston prism, where the fast axis of the wave plate is aligned at 45° to the optic axes of the polarizers. A light ray transmitted through this assembly is linearly polarized by the input polarizer and is subsequently resolved into two orthogonally polarized, co-linearly propagating, equal amplitude components by the wave plate birefringence. A path difference bt is introduced between these components, where b is the birefringence of the wave plate material and t is its thickness. Interference between these components occurs when they are resolved by the first Wollaston prism into two orthogonally polarized and divergent rays for which the spectral transmission functions
are consequentially applied to the components polarized parallel and perpendicular to the input polarizer respectively, where k=2/ is the wavenumber. For clarity, the spectral dependence of b and the influence of non-normal transmission of the ray through the wave plate are omitted in this expression. The two divergent rays are transmitted through the second birefringent interferometer to yield four mutually divergent output rays to which four distinct spectral transmission functions are applied: one for each of the four distinct combinations of two spectral transmission functions of each of the two interferometers. Additional spectral filtering is achieved by additional birefringent interferometers so that an N-interferometer BSD consists of an input polarizer, followed by N wave plate-Wollastonprism pairs. A single input ray is then spectrally demultiplexed into 2 N output rays after the Nth Wollaston prism where all possible factors of cos 2 and sin 2 interferometric filtering functions, as described by Eq. (1), are applied. When the BSD is placed in front of a conventional camera, filling its entrance pupil, the angular splitting introduced by the Wollaston prisms means that the output rays appear on a spatial matrix at the detector, Each ray can be indexed by the vector p=[p 1 ,p 2 ..p N ] where each p i is an index of  or  to indicate whether the associated ray after Wollaston prism i is polarized parallel or perpendicular to the ray transmitted through the preceding polarizer. The spectral transmission functions applied to the set of output rays, p, can then be written as
where t i is the thickness of wave plate i. We describe here an example three-stage BSD for which the spectral transmission functions given by Eq. (2) are described by 
If all wave plate thicknesses are related by factors of two then T  consists of eight distinct filter functions and , , T    is identical to the filter function of the traditional Lyot filter [19] as used in the modern liquid crystal tunable filter. Optimization of the wave plate thicknesses (t 1 , t 2 ..t N ) can yield a T  that exhibits 2 N spectral filter functions with optimized filtering effectiveness. Useful figures of merit for defining optimum filter functions include minimum average side lobe level, maximum average orthogonality between bands, or a task-specific optimization for discriminating or measuring specific spectra. As can be appreciated from Eq. (3), each filter function exhibits a cyclic peak at approximate harmonics of a fundamental optical frequency (dispersion in the b i causes the peaks to be not exactly harmonic). This is analogous to the free spectral range of a Fabry-Perot interferometer. A spectral band-pass filter is therefore required to define an overall spectral passband, for which all filter functions defined by T  exhibit a single main lobe.
Experimental demonstration
We illustrate the IRIS principle using an eight-band system suitable for spectral imaging across the wavelength range 510-830nm. The calculated and measured values of T  for the BSD using quartz wave plates of optimized thicknesses 0.12mm, 0.17m and 0.35mm are shown in Fig. 2(a) . Measured spectral transmissions are recorded with the band-pass filter in place and are normalized with respect to a direct measurement of source spectrum. The black line shows the integral of the intensity of all bands and indicates an average optical efficiency of about 78% in polarized light. Attenuation of IRIS is dominated by the band-pass filter; transmission by the BSD is greater than 95% across the band. It can be observed that filterfunction side lobe levels typically have peak values of 6% of the main transmission lobe, and for a grey spectrum the main transmission lobes contain an average of 85% of the energy. Optimization will generally yield band centers that are approximately equally spaced in optical frequency (rather than in optical wavelength), although depending on the cost-function used, some bands' centers may be close together, resulting in smaller spectral angles between these bands. It is possible, by suitable inversion, to transform the data to approximate a conventional spectrum with lower side lobes; for example, in Fig. 2(b) are shown the impulse response functions at the peak wavelengths following Backus-Gilbert inversion [20] . It should be noted that the spectral angles between transmission spectra are quite large on average (for the bands shown in Fig. 2(a) , the average angle is 78 and the minimum spectral angle is 32), so a high-quality spectral image can also be recorded without inversion and, as is discussed in section 4, the signal-to-noise ratio reduction accompanying inversion is generally just a few per cent lower than that of a hypothetical, fully-staring spectral imager.
The BSD is incorporated into the IRIS system shown in Fig. 3 , which has been assembled using off-the-shelf compound lenses and integrated using a commercial cage-mount system. For this system, the field of view of 1.2° by 0.75° and an effective f-number of 6.4 required that the transverse width of the BSD wave plates and calcite Wollaston prisms have a minimum width of 20mm. An illustrative image of a linearly variable interference filter recorded with this IRIS is shown in Fig. 4(a) . The filter was back-illuminated by diffuse, white light from a tungsten-halogen source. The plots superimposed on Fig. 4(a) are transverse intensity profiles taken across each image and correspond to the spectra of the BSD bands, as shown in Fig. 2(a) , multiplied by the overall system spectral throughput. The unique capability of IRIS to record a two-dimensional multi-spectral movie without inversion is illustrated by Fig. 4(b) , which shows an eight-band movie of a series of flame tests for the metal salts: Cu 2 O (yellow-green flame), CuSO 4 (blue-green), Li 2 SO 4 (red), Na 2 CO 3 (yelloworange) and Na 2 B 4 O 7 (yellow-green). As can be observed in the video sequence, the variation in the colors of the flame as the salts are sequentially introduced into the flame causes the expected relative brightnesses of the appropriate narrow-band image replications to vary. For example, in the still image in Fig. 4(b) for the introduction of Na 2 B 4 O 7¸ the flame is brightest in the two middle-right images corresponding to passbands centered on 571nm and 588nm in the yellow-green part of the spectrum. 
Discussion
Important parameters for IRIS include field of view (FoV), optical throughput and ability to distinguish component spectra. It is required that the splitting angle of the Wollaston prisms be sufficiently large to ensure separation of the spectral images on the detector array and this requires that the transverse width of the BSD increases with approximately the product of the FoV and the numerical aperture. Thus, although there is no fundamental limitation on the FoV or etendue of IRIS, beyond those common to all imaging systems, the high cost and lack of availability of such large Wollaston prisms mean that careful system optimization is necessary. As an example, a 16-band IRIS with f-5 optics and 28 FoV has been designed using 40mm wide calcite Wollaston prisms.
A more fundamental issue is the spectral dispersion in the splitting angle of the Wollaston prisms, since this causes the optical point spread function of the system to be spectrally dispersed at the detector array. In narrow-band systems, this dispersion for the full transmission spectrum is typically less than a pixel [21] . For broadband systems, such as the instrument described here, the PSF can be significantly dispersed, in the worst case across more than 10 pixels, and some mitigation is desirable. A mosaic of narrow-band filters located close to the detector can restrict transmission to that of the main spectral lobe so that the spectral smearing is reduced by a factor of M=2 N ; that is, typically to about a pixel. Additional approaches using algorithmic inversion and achromatic Wollaston prisms are also under development.
While the presence of side lobes in Fig. 2 (a) may be expected to degrade spectrometry performance, it is important to recall that the main goal of spectral imaging is normally to recover spectral abundances, S, rather than a pure spectrum. The image intensities at the detector array are .  I TS  and hence inversion yields S directly without the need for an intermediate inversion step involving the use of improved transmission functions, such as those shown in Fig. 2(b) . However, since the components of T  are not quite orthogonal (in common with nearly all spectrometry systems), there is some reduction in the signal-to-noise ratio of S compared to I. A reduction in SNR occurs for all systems requiring inversion where the recorded spectral basis set is non-orthogonal; for example, in the case of a Fouriertransform spectrometer, the presence of the bias on the interferogram leads to a degradation in the SNR by a factor of M [1] . In the case of IRIS, for the recording of a typical set of smoothly varying spectra, such as those found in the ASTER data library [22] , the resulting SNR is only 8% less than that of a hypothetical fully-staring, direct spectral imager, whereas the optical throughput is a factor of at least eight greater, so the SNR can be more than seven times greater than would be obtained in the same total recording time with an ideal timesequential spectral imager.
Conclusion
The selection of an optimal spectral imaging technique depends very much on application requirements. IRIS is ideally suited to those applications requiring multi-spectral imaging with about 8 to 32 contiguous spectral bands where a snapshot capability is required. We believe IRIS is the first instrument to demonstrate multi-spectral imaging in eight (or more) bands without the need for computer inversion and image reconstruction. Additional important benefits of IRIS include the very high optical efficiency, the inherent robustness and compactness, and the highly efficient use of the available pixels in the detector array. The technique is usable at all wavelengths for which suitable birefringent materials exist: we have identified suitable materials for application at wavelengths between 0.2m and 14m. Applications where IRIS offers particular promise include real-time surveillance, remote sensing, and biomedical imaging.
